Abstract. The aim of the present study was to evaluate the association between coronary calcification and carotid atherosclerosis. Briefly, 123 patients with suspected coronary artery disease were recruited. The coronary artery calcium score (CACS) was measured and multi-contrast carotid magnetic resonance imaging (MRI) was performed. Parameters of the carotid morphological measurements were determined and the presence or absence of carotid plaque tissue compositions was recorded for each subject, as well as plaque surface disruption. Two reviewers blind to CACS status interpreted the MRIs. All the subjects were divided into two groups, high-and low-CACS and the carotid morphological measurements in the CACS groups and categories were compared using independent t-tests and one way ANOVA, respectively. CACS was found to exhibit a moderate correlation with carotid wall area (WA; r=0.521) and mean wall thickness (MWT; r=0.556) and a weak correlation with total vessel area (TVA; r=0.215) and normalized wall index (r=0.377). No significant correlation between CACS and carotid lumen area was identified. Compared with low-CACS, the high-CACS group revealed increased carotid WA, TVA and MWT. In the entire cohort, carotid plaque burden revealed an increasing trend with an increasing CACS. CACS and presence of carotid calcification and lipid-rich necrotic core (LRNC) demonstrated a significant correlation. No significant correlation was observed between CACS with carotid intraplaque hemorrhage (IPH) and surface disruption. CACS was found to moderately correlate with carotid calcification and LRNC volume and weakly correlate with carotid IPH volume. Results of the present study indicated that CACS significantly correlates with carotid atherosclerotic plaque burden and the presence of tissue compositions.
Introduction
Atherosclerotic disease has been demonstrated to be associated with cardiovascular events, including myocardial infarction, transient ischemia attack (TIA) and ischemic stroke (1, 2) . Atherosclerosis is a systemic arterial disease which frequently involves multiple vascular beds (3, 4) . Etiologically, cases of atherosclerosis occurring in different arterial vascular beds may share the same set of traditional risk factors (5) . Therefore, individuals who develop atherosclerotic disease in one vascular bed may have concomitant atherosclerosis in other vasculatures. Therefore, atherosclerotic incidence in one arterial circulation may be a predictor of atherosclerosis in other arterial territories.
A number of previous studies demonstrated a significant correlation between coronary and carotid atherosclerosis (6) (7) (8) . Coronary artery calcium score (CACS) was demonstrated to represent an effective predictor of carotid atherosclerotic disease as measured by ultrasound intima-media thickness (IMT) (9, 10) . In addition to measurement of plaque burden, more recently, characterization of carotid compositional features, including lipid-rich necrotic core (LRNC), intraplaque hemorrhage (IPH) and surface disruption, as determined by high-resolution, multi-contrast magnetic resonance imaging (MRI), have been hypothesized to be clinically significant due to their associations with neurovascular events (11) (12) (13) . However, the predictive value of CACS for carotid compositional features remains unknown.
The present study aimed to determine the association between CACS and carotid atherosclerotic disease and the predictive value of CACS for plaque burden and compositional features in carotid arteries as determined by high-resolution, multi-contrast MRI.
Materials and methods
Study population. Individuals who were suspected to suffer from coronary artery disease (CHD) with chest pain were recruited. The study was conducted in accordance with the declaration of Helsinki and the study protocol was approved by the Ethics Committee and the Institutional Review Board of the Chinese PLA General Hospital. All patients provided written informed consent. (15) was used to outline the lumen and outer wall boundaries. The lumen area (LA), wall area (WA), total vessel area (TVA), mean wall thickness (MWT) and normalized wall index (NWI = WA/TVA) were measured for each axial location. Carotid artery was divided into three segments: internal carotid artery (ICA), defined as the segment above the bifurcation; bulb, defined as the segment from the bifurcation to 4 cm below; and common carotid artery (CCA), defined as the segment below the bulb. The mean values of LA, WA, TVA, MWT and NWI of bilateral arteries for each subject and each carotid segment were calculated. The presence or absence of carotid plaque compositions, including calcification, LRNC, IPH and surface disruption were also identified and recorded for each carotid segment and each subject, respectively, using criteria described previously (16) .
Statistical analysis. The correlation of CACS with carotid morphological measurements, including LA, WA, TVA, MWT and NWI and the presence or absence of plaque compositions, such as calcification, LRNC and IPH were evaluated. The correlation between CACS and the volumes of carotid calcification, LRNC and IPH in subjects was also determined. CACS was divided into three categories: CACS=0, =1-399 and >400 (17) . Morphological measurements and the prevalence of plaque compositions in each CACS category were determined. Univariate regression was used to determine the correlation between CACS and carotid plaque burden and compositional features. Multivariate regression was also conducted to evaluate the correlation between CACS and carotid plaque burden and compositional features following adjustment for confounding factors. The odds ratios (OR) and corresponding 95% confidential interval (CI) of CACS were calculated to predict the presence of carotid calcification, LRNC and IPH with an increment of 100. P<0.05 was considered to indicate a statistically significant difference. Analyses were performed with SPSS software for windows (version 12.0; SPSS, Inc., Chicago, IL, USA).
Results

Patient characteristics. Between May 2008 and February 2009
, 128 patients with suspected CAD were recruited. Of 128 patients, 5 were excluded from the final analysis due to poor MR image quality. Of the remaining 123 patients, 96 were male (mean age, 58.0±9.5 years), 60 had carotid calcification, 79 had LRNC, 12 had IPH and 4 had surface disruption. The demographic characteristics for the patients are provided in Table I . Surface disruption was not included in the statistical analysis due to a limited number of cases.
Correlation between CACS and carotid morphology. CACS was found to significantly correlate with WA, TVA, MWT and NWI for carotid artery (r=0.208-0.529; P<0.05; Fig. 1) . Similarly, significant correlations between CACS with WA, TVA, MWT and NWI for ICA, bulb and CCA were also found. In addition, CACS was found to positively correlate with LA for carotid artery and CCA, but not for ICA and bulb. Of note, CACS was observed to correlate more closely with NWI of ICA and bulb than that of CCA. Following adjustment for confounding factors, including age, gender, BMI, hypertension, hyperlipidemia, diabetes and smoking, CACS remained significantly correlated with MWT for carotid artery and all its segments (P<0.01). Similarly, a significant correlation of CACS with NWI for carotid artery and segments ICA and bulb were also found. CACS positively correlated with NWI for CCA (β=0.238; P=0.028) prior to adjustment for confounding factors, but not following adjustment (β=0.178; P=0.115). Of note, CACS was found to correlate more closely with NWI of ICA and bulb than that of CCA.
Correlation between CACS and carotid plaque compositions.
A significant moderate correlation was observed between CACS and the presence of calcification for carotid artery and its segments (ICA, bulb and CCA; r=0.426-0.510; P<0.05; Table II ). In addition, a weak correlation between CACS and the presence of LRNC in carotid artery and its three segments was observed (r=0.237-0.394; P<0.05). For IPH, a significant weak correlation with CACS was found in carotid artery (r=0.208; P=0.021) and bulb (r=0.205; P=0.023). However, no arteries in patients with CACS=0 developed IPH. In patients with carotid calcification (n=60), a marked correlation was found between carotid calcification volume and CACS (r=0.747; P<0.001; Fig. 2 ). For arteries with LRNC (n=79), CACS did not correlate with LRNC volume (r=0.183; Table II . Correlation between carotid plaque compositions and CACS. Table III . Correlation between CACS and carotid plaque composition prior to and following adjustment for confounding factors. (Table III) .
CACS categories -----------------------------------------------------------------------------------------------------------------
CACS prior to adjustment CACS following adjustment ---------------------------------------------------------------------------------------------------------------------------------------------------------
Discussion
In the present study, the association of CACS with carotid atherosclerosis and the predictive value of CACS for carotid ) and MWT on the right internal carotid artery MRI in the same patient. CACS, coronary artery calcium score; MWA, mean wall areal; MWT, mean wall thickness; MRI, magnetic resonance image.
atherosclerotic disease was determined. Results indicate that CACS is significantly associated with carotid plaque burden and compositional features. In addition, CACS was found to be an effective predictor of the presence of carotid calcification and LRNC. These observations are consistent with the hypothesis that atherosclerosis is a systemic disease that frequently involves multiple vascular territories. In addition, results indicate that CACS may be a useful predictor of carotid plaque burden and compositional features, particularly calcification and LRNC.
The identification of a correlation between CACS and carotid plaque burden is consistent with previous studies (6, 10, 18) . In a study using IMT to measure carotid plaque burden by B-mode ultrasound, El-Saed et al (10) demonstrated that CACS significantly correlates with carotid IMT (r=0.47, P<0.001). Similar results have also been reported in additional studies (7, 19) . In the present study, MWT and NWI were used as a surrogate of IMT for plaque burden measurement due to consistencies between IMT and MWT (20) . In addition, the correlation between CACS and various segments of carotid artery was investigated and ICA and bulb, particularly bulb, were found to reveal a slightly stronger correlation with CACS than CCA. This correlation difference may be explained by the high prevalence of atherosclerotic plaques and the complex hemodynamic properties in the bulb region (21) . Since CACS has been demonstrated to be a powerful measure of coronary disease severity, current observations of a positive correlation between CACS and carotid plaque burden indicate that the severity of atherosclerotic disease in coronary and carotid arteries may be parallel. In their study, Bauer et al reported a weak correlation between CACS and IMT (r=0.26; P<0.0001) among 1,620 males without CAD and stroke, aged 45-75 years, indicating that CACS is not sufficient to predict carotid IMT. However, the study population examined by Bauer et al was different to that of the present study, as all participants were male, and had no CAD or history of stroke (22) .
In the present study, a significant correlation between CACS and prevalence and volume of carotid plaque calcification was identified. Consistent with a study by Odink et al (18) , CACS was found to positively correlate with carotid calcification volume. In addition, results of the present study are also supported by a study by Allison et al (23) , in which 650 asymptomatic patients receiving whole-body electron beam computed tomography scanning were analyzed to assess the carotid, coronary, proximal and distal aorta and iliac vessels for atherosclerotic calcification. The authors of that study found that age and hypertension represented the dominant risk factors for systemic calcified atherosclerosis and a positive correlation existed between the coronary and carotid beds (0.28-0.29). Etiologically, atherosclerosis occurring in various arterial vascular beds may share the same set of traditional risk factors. Schlieper et al (24) reported that age, male gender, dialysis vintage, smoking, calcium-phosphate product and high-sensitivity CRP are independent risk factors for cardiovascular calcifications, including coronary and carotid calcification. Observations of the present study confirm the presence of significant correlations and risk factor associations for calcified atherosclerosis in various vascular beds. However, carotid calcification plays a controversial role in plaque vulnerability. Although the possible contribution of calcification to plaque stabilization requires additional clarification, a number of previous studies have reported that calcification is markedly associated with plaque rupture and subsequent thrombosis. Demer et al (25) found that calcified human vessels were less distensible in vivo and ex vivo compared with non-calcified vessels. Studies performed by Richardson et al (26) , based on computer modeling, as well as Lee et al (27) , with use of computer-assisted analysis of tensile stress on excised plaques, demonstrated that sites prone to rupture were often associated with the greatest tensile stress in the vessel wall, which occurs at the interphases between two tissues with differing elastic properties.
To the best of our knowledge, no studies have investigated the link between CACS and carotid LRNC and IPH. In the current study, a positive correlation was identified between CACS and the volume of carotid LRNC and presence of IPH. In addition, our results indicate that CACS correlates with carotid plaque stability.
It is evident from a series of studies that carotid plaque complexity and composition may be associated with plaque stability. Previous pathological studies established that a large LRNC or IPH is an important feature of vulnerable atherosclerotic plaque. The size of carotid LRNC and presence of IPH were demonstrated to be high-risk features due to their correlation with neurovascular events. Cappendijk et al (28) reported that symptomatic patients exhibited wider ranges in LRNC scores than asymptomatic individuals. Altaf et al (29) prospectively studied symptomatic patients with mild to moderate carotid stenosis and found that patients with carotid IPH were prone to recurrent neurological events, including TIA and stroke. In addition, a study by the same research group identified a significant and marked association between recurrent clinical ischemia and intraplaque hemorrhage in patients with symptomatic high-grade carotid disease (30) .
In the present study, the prevalence and volume of carotid LRNC and presence of IPH revealed an increasing trend with CACS, indicating that CACS may be associated with carotid plaque vulnerability.
This study has concentrated on a specific time point, and mainly analyzed the correlation between CACS and carotid atherosclerosis, however, the predictive value of CACS to carotid atherosclerosis requires a larger prospective study to confirm. Although CACS was revealed to predict carotid atherosclerosis, additional studies must be performed. In addition, only four patients developed carotid surface disruption. In future studies the correlation between CACS and carotid surface disruption must be determined using a larger study population.
